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0 Polyborosilazane and process for producing same. 

0 Disclosed is a polyborosilazane having a B/Si atomic ratio of 0.01 to 3 and a number-average molecular 
weight of about 200 to about 500.000 which can be pyrolyzed to give ceramics. The polyborosilazane is 
produced by reacting a polysilazane having a number-average molecular weight of about 100 to about 50.000 
^with a boron compound. 
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POLYBOROSILAZANE AND PROCESS FOR PRODUCING SAME 



This invention relates to a novel polyborosiiazane and a process for its production. 

Si-N-B series ceramics produced from a precursor polyborosiiazane are useful as reinforcing materials 
for composite materials to be used at elevated temperatures t)ecause of the high heat resistance and high 
hardness thereof, and are expected to find wide applications in the space-aircraft industry and the 
5 automobile Industry. 

Many reports have been made on borosiloxane. org anoborosi lane and boron-containing carbosilane 
obtained by the reaction between a boron compound such as bone acid (including derivative thereof), a 
metal borate or a boron halogenide and an organosiltcon compound. The reported organosilicon compounds 
have a low molecular weight, i.e.. at most oligomer degree (Japanese Examined Patent Publication No. 57* 
10 26608). 

Various reports have t>een made also on polysilazane such as perhydropolysiiazane and polyorgano- 
(hydro)sila2ane. However, boron-containing polytx>rosilazane has not conventionally been known. 

The present invention is aimed at the provision of polyborosiiazane offering ceramics having a marked 
heat resistance by pyrolysis and a process for producing same. 
15 In accordance with the present invention there is provided a polyborosiiazane having a boron/siltcon 
atomic ratio of O.Ol to 3 and a number-average molecular weight of at>out 200 to 500.000 and containing (a) 
skeletal groups of a recurnng unit represented by the general formula: 



20 



25 



I 

Si - N 

wherein R\ and R^. independently from each other, represent hydrogen, a hydrocarbyl group, a 
substituted hydrocarbyl group, an alkylsilyl group, an alkylamino group or an alkoxy group, with the proviso 
that at least one of R\ and R^ is hydrogen and (b) at least one cross-linkage which cross-links said 
skeletal groups and which is selected from the group consisting of: 

30 I 111 I 

(i) - B - ; (ii) -N - B - N - ; ( iii ) - O -D - O - ; and 



\ / 
35 B N 

✓ \ 
(iv) - N B 



>-< 



so 



/ 

wherein represents hydrogen, halogen, an alkyi group, an alkenyl group, a cycloalkyi group, an aryl 
group, an alkoxy group, an alkylamino group, a hydroxyl group or an amino group and R^ represents a 
residue bound to the nitrogen atom of R^ having a nitrogen atom, and whierein at least two of the six bonds 
of the group (iv) are used for the crosslinkage with the remaining bond or bonds, if any. being linked to 
hydrogen, halogen, an alkyl group, an alkenyl group, a cycloatkyi group, an aryl group, an alkoxy group, an 
alkylamino group, a hydroxyl group or an amino group. 

In another aspect the present invention provides a process for producing a polyborosiiazane having a 
boron/silicon atomic ratio of 0.01 to 3 and a number-average nnolecuiar weight of at>out 200 to 500.000, 
which comprises reacting a olysilazane having a number-average molecular weight of about 100 to about 
50,000 amd comprising a skeletal structure of a recurring unit represented by the general formula (1): 
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Si - N (I) 

I I 
R^ 

5 . 

wherein R\ and independently from each other, represent hydrogen, a hydrocarbyl group, a 
substituted hydrocarbyl group, an alkylsily! group, 

an aJkylamino group or an alkoxy group, with the proviso that at least one of R\ R^ and R^ is hydrogen, with 
a boron compound represented by the following general formula (II). (Ill), (IV) or (V): 
B(R*)3 (10 

(R*BO)3 m 



IS 



20 



I I- 
R*B BR* 



(IV) 



25 B(RM3 : L (V) . . I 

wherein R* may be the same or different and represents hydrogen, halogen, an alkyi group, an alkenyl 
group, a cycloalkyi group, an aryl group, an alkoxy group, an alkylamino group, a hydroxy group or an 
amino group, and L represents a compound capable of forming a complex with B(R*)3. 

The present invention will now be described in detail below with reference to the accompanying 

30 drawing, in which , ., ^ 

Rgs. 1 to 3 are X-ray diffraction patterns of ceramics obtained by pyrolysis of polyborosUazanes. ana 
Rgs. 4 and 5 are X-ray diffraction patterns of ceramics obtained by pyrolysis of polyarconosilazane 
and polytitanosilazane. respectively. ... 
The novel polyborosilazane obtained by the present inventon is a compond having a boron-containing, 
35 high-molecular weight borosilazane structure obtaned by reacting polysilazane having a larger molecular 
weight with a boron compound. Namely, one characteristic feature of the polyborosilazane resides in the 
use of a potysilazane as a starting material for producing it 

The reaction between the polysilazane and the boron compound and the structure of the polymer 
compound obtained by the reaction vary with the kind of the boron compound. 

In the case of using, for example, a boron alkoxide as the boron compound, the polyborosilazane 
obtained has a stnjcture wherein side chains, cydization and/or crosslinkages are formed by the reaction 
between hydrogen atom bound to at least part of the silicon atom and/or nitrogen atom of the polysilazane 
main skeleton and the boron alkoxide for condensation between the silicon atom and and/or nitrogen atom 
and the boron alkoxide. 

In the reaction between a Si-H bond of a polysilazane and a boron alkoxide tB(OR5)3]. the organic 
group (R5) of the boron alkoxide pulls the hydrogen atom of the Si-H bond to fomft R^H and a Si-OB bond 
as follows. 



40 



45 



50 J^N-Si-H + B(OR*)3— ^ N-Si-0-B(OR* ) ^ + R=H 



In the reaction between a N-H bond of a polysilazane and a boron alkoxide, the boron alkoxide pulls the 
hydrogen atom of the N-H bond to thereby form N-O-B bond or N-B bond (hereinafter these are 
represented as "N-Y-B" bond) as follows. 



3 
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I I I 

-Si-N-H- + B(0R=*)3-/ -Si-N-0-B(OR*)2 or -Si-N-B(OR* )2 

I I II I I 

^ Since the boron alkoxide can be trifunctional at the most, the resulting polyborosilazane can be a mono-, 

di or trifunctional polymer with respect to boron depending upon the kind of the starting boron alkoxide or 
upon the reaction conditions employed. The "monofunctionar polymer has the following structure wherein 
pendant groups are bound to Si and/or N of the main chain of the polysilazane. 

w 5' a 

1^ _l 

I* \' \ (VI J 
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In the -bifunctionar or -trifunctional" polymer, a cycfic and/or crosslinked structure is formed in or 
between the polysilazane skeletons through B atom as shown below. The cyclic structure includes a 
stnjcture wherein two functional groups within one molecule of the boron alkoxide are condensed with a 
silicon atom and a nitrogen atom located adjacent to eath other of the polysilazane. The crosslinked 
structure is formed when two or more functional groups of the boron alkoxide are condensed with two or 
more molecules of the polysilazane. 
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40 




(VII) 



4S The trifunctional polymers may possess both of the cyclic structure and the crosslinked structure 
described above at the same time. The reaction between the polysilazane and the boron alkoxide usually 
yields a polymer represented by (VI) or (VII). 

Thus, the structural change of the polysilazane to the polyborosilazane includes the formation of 
pendant groups, cyclic structures and/or crosslinked structure on the polysilazane fundmental skeletons. 

50 In the reaction between a Si-H bond of a polysilazane and a haiogen-contaning compound of the boron 
compounds B{R*)3, a halogen atom of the boron compound BXm(R*)3.m (wherein X represents a halogen 
atom, and m = 1. 2 or 3) pulls the hydrogen atom of ShH bond to form HX and a Si-B bond as follows. 

55 ^ I ' 

^N-Si-H + BX«(R*)3-m--^ ^N-Si-BX^.x(R^)3-m + HX 

^1 / I 
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In the reaction between a N-H bond of a polysilazane and a halogen-contaning «'|^P°"f 
compounds, a halogen atom of the boron compound pulls the hydrogen atom of N-H bond to form HX and 
a I^B bond as follows. 

I I 
-Si-N-H + BX„(R*)3-« -Si-N-BX„-a.(R'»)3-m + HX 



10 



IS 



20 



Since the boron compound BX„(R')3.«, can be trifunctional at the most depending upon the number of 
halogen atoms, the resulting polyborosilazane can be from mono- to trifunctional polymer with respect- to 
boron. The -monofunctionar polymer has the following structure wherein pendant groups are bound to Si 
and. or Ni of the main chain of polysilazane. 

R' R' R' 

I I i 

-Si-N- -Si-N- 

I II 

B(S*)i B(R*)» 

In the -blfunctional- or -trifunctional" polymer, a cyclic and/or crosslinked structure is formed in or 
between the polysilazane skeletons through B atom as shown below. The cyclic structure 'ncKjdes a 
structure wherein two functional groups within one molecule of the boron compound are condensed witt. a 
silicon atom and a nitrogen atom located adjacent to eath other of the polysilazane. ^^^e crosshnked 
structure is formed when two or more functional groups of the boron compound are condensed with two or 
more molecules of polysilazane. 

R' R' R* ?' f 

II I II 

38 «si-N- -Si-N- -Sj-N- 
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S i - N - 



I 
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I I -Si-M- -N-Si 

R' R» I i, 



R' 

I 

- S i - M - 



The trifunctional polymers may possess both of the cyclic structure and the crosslinked structure 

described above at the same time. ^ ^ 

In the reaction between a Si-H bond of a polysilazane and a hydrogen-contaning compound of the 
boron compounds B(R*)3. a hydrogen atom of the boron compound BH„,(R*)3.m pulls the hydrogen atom of 
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the Si-H bond to form H2 amd Si-B bond as follows. 

I ^ I 

/ I / I 

In the reaction between a N-H bond of a polysilazane and a hydrogen-contaning compound of the boron 
10 compounds, a hydrogen atom of the boron compound pulls the hydrogen atom of N-H bond to form Hj and 
a N-B bond as follows. 



I I 

-Si-H-H + BH„(R*)3_« J- -Si-N-Ba„_a.(R*)3-m + 

I i 1 i 

Since the boron compound BH„(R»)3.m can be trifunctional at the most deoending upon the number of 
«» hydrogen atoms, the resulting polyborosilazane can be from mono- to trifunctional polymer with respect to 
boron. Hence, there can be obtained polysilazanes of the same structure as described with respect to the 
halogen-containing boron compound BXm(R*)3<i»- , 

In the reaction between a Si-H bond of a polysilazane and the boron compounds B(R*)3 having an alkyi 
group, an alkenyl group, a cycloalkyi group, an aryl group or an alkylamino group, an organic group of the 
25 boron compound B(R*)3 pulls the hydrogen atom of Si-H bond to form R*H and a Si-B bond as follows. 

^,N-Si-H + B(R*)3— ?- ^N-Si-B(R*)a + R*H 

However, when one of the two moieties bound to the nitrogen atom of the alkylamino group is a 
hydrogen atom, a dehydrogenalion reaction takes place to form Sl-N-B bond according to the following 
reaction. 



3S 



40 



N-Si-H + B-N-H ^N-Si-N-B 



45 



SO 



55 



In the reaction tjetween a N-H bond of a polysilazane and a twron compound having an alkyl group, an 
alkenyl group, a cycloalkyi group, an aryl group or an alkylamino group, an organic group of the boron 
compound pulls the hydrogen atom of the N-H bond to form R*H and an N-B bond as follows. 



-Si-N-H -h B(R*) r> Si-iM-BCR^) 2 -r R^H 

I I I 

Since the boron compound B{R*)3 can be trifunctional at the most the resulting polyborosilazane has 
the same stmcture as shown above with respect to the case of using the boron compound BXn,(R*)3.m or 
BH„(R*)3H„. 
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In the reaction between a Si-H bond of a polysilazane and a boron compound B(R*)3 having an amino 
group or a hydroxyl group, a hydrogen atom in Z of the boron compound BZ„(R*)3h„ (where Z is an amino 
group or a hydroxyl group) pulls the hydrogen atom of the Si-H bond to form Hj and a Si-N-B bond or a Si- 
0-B bond as follows. 



to 



N-Si-H + BZm(R*)3-. 
I 



N-Si-N-B(R*)3-m + Ha 



/ I 



/5 



/ 



N-si-H + BZ«(R-)3-« 5- '^M-Si-0-B(R-),-« 



+ Hs 



80 In the reaction between a N-H bond of a polysilazane and a boron compound having an amino group or 
hydroxyl group, a hydrogen atom of the N-H bond is pulled to form Hz and a N-N-B bond or a N-O-B bond 
as follows. 



ss 



— Si-N-H + BZ«(R'')3-m 
i ' 



-Si-N-N-B(R*)3-m + Ha 



30 



40 



— Si-N-H + BZ„(R*)3-n. ^ Si-H-0-B(R*),-m + Ha 

Since the boron compound BZ„(R*)3^ can be trifunctional at the most depending upon the number of 
amino group or hydroxyl group, the resulting polyborosllazane can be from monofunctionaJ to tnfunctional 
polymer with respect to boron. The monofunctional polymer has a stmcture wherein pendant groups are 
bound to Si and/or N of the main chain of polysiiazane as shown below. 

a* R'' 8' 8» 

II II 

- S i - » - - S i - N 

I II 

45 X- 

I I 

II II- 
50 _ S i - M - - S i - .M 

I I I 

0 8*0 

1 i 



B(R')t 3(R*), 



ss 



In the bifunctional or tnfunctional polymer, a cyclic and/or crosslinked stmcture is formed in or between 
the polysilazane skeletons through B atom as shown below. The cyclic structure Includes a stmcture 
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wherein two functional groups within one molecule of the boron compound are condensed with a silicon 
atom and a nitrogen atom adjacent to eath other of polysilazane. The crosslinked structure is formed when 
two or more functional groups of the boron compound are condensed with two or more molecules of the 
polysilazane. 

s 

R' S» R ' S ' R * 

II I II 

-Si-.N- -Si-N- -3i-.N- 

I II ! 

,0 H 8 « N - n- 

l I i 

BCR") B(8') 3(8") 

I I I 

H 8* N- .H- 3* . 

ill « I 
« - S i - H - - S i - N - - N S i - 

' ' ' i. 

8' 8» 8' 8* 



20 



8' 

I 

-Si-S- 

I i 
-K H- 

2S B(8«) 



8' R» R« R' R' 

I I 1 II 

I III 

0 R* 0 0 

1 I I 

^ B(fi*) B(R*) B(R*) 

0 R' 0 0 R' 

1 II II 
-Si-N- -Si-N- -N S i 

II I 

R' R» H» 8' 



40 



Rt 

45 I 

- S i - N - 
I 1 
0 0 

50 BCS") 



The trifunctional polymers may possess tjoth of the cyclic structure and the crosslinked structure 
descriiied above at the same time. 
55 In the reaction between a Si-H bond of a polysilazane and a boron compound {R*0B>3. R* of the boron 
compound (R*OB)3 pulls the hydrogen atom of the Si-H bond to fonn R*H and a Si-B bond as follows. 



8 
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10 



r 

N-Si-H-H 0 0 — >M.Si-B + 



In the reaction between a N-H bond of a polysilazane and a boron compound (R*OBh, R* of the boron 
compound (R*0B)3 pulis the hydrogen atom of the N-H bond to form R*H and a N-B bond as follows. 



rs 



" -Si-S-a + B'B -Si-ll-B 0 + »'H 

I I Xo-b/ ' ' \o-b/ 



25 



Since the boron compound (R*OB)3 can be trifunctional at the most, the resulting polyborosilazane can 
be from monofunctional to trifunctional polymer with respect to the boron compound depending upon the 
30 kind of the starting boron compound or upon the reaction conditions employed. The monofunctional 
polymer has a structure wherein pendant groups are bound to Si and/or N of the main chain of polysilazane 
as shown below. 

II I 
-Si~M- -Si-N- 
I II 

/'\ "Vx 
? ? ? ? 

B B\ /B B\ 



4S 



In the bifunctional or trifunctional polymer, a cyclic and/or crossltnked structure is formed in or between 
®° the polysilazane skeletons through B atom as shown below. The cyclic structure includes a stnjcture 
wherein two functional groups within one molecule of the boron compound are condensed with a silicon 
atom and/or a nitrogen atom of a single molecule of the polysilazane. The crosslinked stnjcture is formed 
when two or more functional groups of the boron compound are condensed with two or more molecules of 
polysilazane. 
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i I 
- S i - H - 
I 

/'\ 

0 0 

1 I 
•B 



H - Si 
I 

8' 



R' 
I 

- Si 

/\ 

0 0 

1 1 

•B B 



/ 



R * i - R 



The trifunctional polymers may possess both of the cyclic structure and the crosslinked structure 
described above at the same time. 

In the reaction l^etween a Si-H bond of a polysilazane and a boron compound 

I i 

. R*B NR*, 

I I 

R*of the boron compound pulls the hydrogen atom of the Si-H bond to form R*H and a Si-B bond or a SiN 
bond as follows. 



R" R* R* R* 

>H-Si-m-R*B NR*-*>,\f-Si-B NR*-rR*H 



N - B 
R- 



N - B 
R* R* 
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10 



8' 8' B< R' 



In the reaction between a N-H bond of a polysilazane and a boron compound 



I i 

IS N— B 

\ / 
N — B 
I t 
R-^ R-* 
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R* of the boron compound pulls the hydrogen atom of the N-H bond to form R*H and a N-B bond of a N-N 
bond as follows. 

R* R* R* 

R* R* R* R* 

R- R« r; R^ 

-Si-N.H + R*N BR^- -Si-N-N BR* + R*H 

R« R« R* 



Since the boron compound 

45 

R* 

I I 
N— B 
/ \ 
R-*B HR" 

I I 
R-* 



can be hexafunctional at the most, the resulting polyborosilazane can be from monofunctional polynner to a 
hexafunctional polymer with respect to the boron compound. The monofunctional polymer has a structure 
wherdn pendant groups are bound to Si and/or N of the main chain of polysilazane as shown below. 
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R' R» R' R' 

I i II 

I i 

R-/ \r* R*/ 

N N B B 

II II 

B B H n 

/R* R"\ /R* 

R* R' 

R« R'- 
I I 
-Si-H- -Si-N- 

II- I ! 

NX ? ? 

II I i 

B B N S 



In the bifunctional to hexafunctional polymer, a cyclic and/or crosslinked structure is formed in or 
between the polysilazane skeletons through B atom as shown below. The cyclic structure includes a 
structure wherein two functional groups within one molecule of the boron compound are respectively 
condensed with a silicon atom and/or a nitrogen atom of a single molecule of the polysilazane. The 
crosslinked structure is formed when two or more functional groups of the twron compound are condensed 
with two or more molecules of the polysilazane. 



40 



45 



50 



55 



12 



BNSDOCtD: <EP ^0389084A2J_> 



EP 0 389 084 A2 




13 



EP 0 389 084 A2 



10 



J5 



20 



2S 
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3S 



40 



SO 



ss 



1 I i 
-Si-N- -Si -N- 

I I I 

R*/ \R* / \ 

N N R'N BR* 
I I R' \ / 

B B-^ J ^B — n/ 

R*\ / N-Si- R* R- 

R* R' 



-Si -N - 
I I 

/"-'\ 

R*B NR* 
R* R" 

The trifunctional to hexafunctional poiymers may possess both of the cyclic Structure and the 
crosslinked structure described above at the same time. 

The reaction between a polysilazane and a boron compound B(R*)3:L is similar to that between a 
polysilazane and B(R*)3 with respect to the reaction mechanism and the structure of the product, since the 
complex-forming ligand L does not react with the polysilazane. 

The polysilazane used in the present invention has Si*H bonds and N-H bonds within the molecule. 
Copolymers or mixtures of polysiiazanes with other polymers or compounds may also be used for the 
purpose of the present invention. 

The polysilazane to be used as a starting material in the present invention includes those which have a 
chain*Kke. cyclic and/or crosslinked structure within the molecule thereof. These may be used indepen- 
dently or as a mixture thereof. 

Typical e>camples of the polysilazane expressed by the above general formula (I) include the following 
ones which, however, are not limitative at all. 

In general, R\ and R^ of the general formula (1) may be hydrogen, a hydrocarbyl group, a 
substituted hydrocarbyl group, an alkylsityl group, an alkylamino group and an alkoxy group. Examples of 
substituerits for the hydrocarbyl group include amino, alkylamino, nitro. nitroso, nitrosoamino, nltroamino. 
hydrazine, hydroxyl, alkylsilyl, siloxy. alkoxy. cyano, isocyano, cyanate. formyl. carboxyl, foramide. acetyl, 
acetoxy. acetoamide, acetoimidoyl, acetoacetyl. giycyl, acetorvtrile and halogen. It is preferred that R\ R^ 
and R^ be selected from hydrogen, an alkyi group containing 1 to 5 carbon atoms, an aikenyl group 
containing 2 to 6 carbon atoms, a cycloalkyi group containing 5 to 7 carbon atoms, an aryi group, an aralkyi 
group, an alkylsilyl group containing 1 to 4 carbon atoms, an alkylamino group containing 1 to 5 carbon 
atoms and an alkoxy group containing 1 to 5 carbon atoms, since these groups have a less steric 
hindrance. More preferable examples of R\ R^ and R^ include hydrogen, a methyl group, an ethyl group, a 
vinyl group, an aliyi group, a methylamino group, an ethylamino group, a methoxy group and an ethoxy 
group. 

Those represented by the general formula (1) wherein H\ R^ and R^ are all hydrogen atoms are 
perhydropofysilazanes. Process for their preparation are reported in, for example. Japanese Unexamined 
Patent Publication No. 60-145903 and D. Seyferth et al: "Communication of Am. Cer. See.". C-13, January 
1983. These processes give a mixture of polymers having different structures which, however.. furKjamen- 
tally contain chain-like portions and cyclic portions and are represented by the following chemical formula: 
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-(SiH2NH)a- -(SiH2N)b< -(SiH3)c (a + b + c = 1) 

One example of the structure of perhydropolysiiazane is shown beiow: 



10 
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SiH, 




SiHz 
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A process for preparing a polysilazane of the general formula (I) wherein and are hydrogen atoms 
and R3 is a methyl group is reported bY D. Seyferth et al in -Polym. Prepr,- Am. Chem. Soc, Oiv. Polym. 
Chem., 25. 10 (1984). The polysilazane obtained by this process is a chain polymer and a cyclic polymer 
having recurring units of -(SiHzNCHa)- and is free of crosslinkage structure. 

Processes for preparing a polysilazane of the general formula (1) wherein R' and R^ are hydrogen 
atoms and is an organic group are reported by D. Seyferth et a! in "Polym. Prepr." Am. Chem. Soc Div. 
Poiym. Chem.. 25. 10 (1984) and Japanese Unexamined Patent Publication 61-89230. The polysilazanes 
obtained by these processes are those which have a cyclic structure having recurring units of -(R^SiHNH)- 
with a polymerization degree of mainly 3 to 5 and those which have both a chain structure and a cyclic 
Structure at the same time and which are represented by the chemical formula of 
(R2SiHNHH)J(R2SiH),.5N],.K (0.4 < x < 1). 

Polysilazanes of the formula (I) wherein R* is a hydrogen atom and R^ and R^ are organic groups and 
polysilazanes of (I) wherein R» and R^ are organic groups and is a hydrogen atom have a cyclic 
structure having recurring units of •(R^R2SiNR2>-with a polymerization degree of mainly 3 to 5. 

The polysilazane of the formula (I) further includes polyorgano(hydro)siia2anes which have a crossUnked 
structure within molecule as are reported by D. Seyferth et al; "Communication of Am. Cer. Soc.". C-132, 
July 1984. One example is shown below. 
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In addition, polysilazanes (R'Si(NH)x) obtained by ammonolysis of R'SiXa (where X is halogen) and 
having a crosslinked structure as reported by Japanese Unexamined Patent Publication No. 49-69717 or 
polysilazanes of the following structure : 
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(m, n: positive integers) 

obtained by coammonolysis of R'SiXs and Rf SiX? may also be used as the starting materials. 

As described above, polysiiazanes used in the present invention have main skeletons compnsing the 
recurring units represented by the general formula (I). The units of (I) in some cases are cyclized as is 
apparent from the above descriptions and, in such cases, the cyclized portion fomis a terminal group. In 
other cases where such cyclized portions are not fomned. the main skeletons can be terminated by the 
same group as R\ R- or or by hydrogen. As the starting polysiiazanes. organic solvent-insoluble ones as 
shown below may be used as well as organic solvent-soluble ones as described atjove. However, since 
these organic solvent-insoluble polysiiazanes provide organic solvent-insoluble reaction products, they are 
limited as to application of the product. 

I 1 
-Si N H - S i — . 

CSltMiH) « Billy, aall. Sac. Chifl.Fr.. 1350(1961) 



25 




H 

CSiC»H)xl . «.8llly.e«ll.Soc.Chi..Fr.. 183(1962) 

I I I I II! i 

5H SH H .NH :fH .HH NH .1H MB 

30 i I I I ! ■ ; i 

-HN-Si-Si/ ^Si-Sl- -aJI-Si-Si -Si-H -Si- 

I I i I 1 I I .H I 
.1H .HU MH MH HK MH HH NR 

II ; ; III 1 

1 I ^ I I I I I H I 
35 g 

CSit(HH) ,] . (Si,(HH) *) * 

».8iny. CoapUSend. .250. 4153(1960) :2S1. 1533(1960) 



The polysiiazanes used in the present invention have a numt>er-average molecular weight of about 100 
to about 50.000 and include cyclic polysilazane. chain polysilazane or a mixture thereof. Preferred 
polysiiazanes have a number-average molecular weight of about 250 to about 20.000. more preferably 
about 500 to about 10.000. If the molecular weight is less than 100, there results a low-molecular weight 
reaction product with a boron compound. Such a product is a viscous liquid and is. therefore, limited as to 
its application. In addition, it scatters in a large quantity during a pyrolysis step and gives a ceramic in only 
a low yield, thus not being preferable. If the molecular weight exceeds 50.000, the resulting reaction product 
with a boron compound becomes solvent-insoluble or liable to form a gel. 

The t)oron compound to be used in the present invention may be a compound represented by one of 
the following general formulae: 
50 B(R*)3 (10 
(R*BO)3 (III) 
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R*3 



BR* 



(IV) 



B{R*)3:L (V) 

wherein R* and L are the same as defined hereinbefore. . < m 

The group is preferably hydrogen, halogen, an alky! group having 1 - 20, more preferably 1 - 10. 
most preferably 1 - 4 carbon atoms, an alkoxy group having 1 • 20. more preferably 1-10. most preferably 
1 - 4 carbon atoms, an aryl group having 1-10 carbon atoms or an aralkyi group having 1-10 carbon 
atoms. Illustrative of suitable groups R* are methyl, ethyl, n-propyl. i-propyl. n-butyl. i-butyl. t-butyl. phenyl, 
benzyl, tolyl. methoxy. ethoxy. n-propoxy. i-propoxy. n-butoxy. l-butoxy. t-butoxy and phenoxy. 

Of B(R')3 examples of those which have a halogen atom or atoms as R* include fluoroborane. 
tribromoborane. trifluoroborane. trichloroborane. difluoroborane. diiodoborane. iodoborane. dibromornethyh 
borane dichloromethylborane. dlfluoromethylborane. difluoromethoxyborane. diiodomethylborane. ethynyh 
difluoroborane. difluorovinylborane, dibromoethylborane. dichloroethylborane. dichloroethoxyborane. ett)y^ 
difluoroborane. ethyidiiodoborane. bromodtmethylborane. dibromo(dimelhylamlno)borane. chlorodimethyi- 
borane. chlorodimethoxyborane. fluorodimethylborane. fluorodimethoxyborane, dichloroisopropy borane. 
dichkjropropylborane. difluoropropoxyborane. bromo(dimethylamino)methylborane. chlonadivinyborane. 
dibromobutylborane. butykJichloroborane. butyl difluoroborane. butoxydifluoroborane. Ijromodiethylborane^ 
dibromo{diethylamino)borane. chiorodiethylborane. chlorodlethoxyborane. «'Jf''«:«?(P^"f»"«'™P^®"y^^ 
borane. dichloro(diethylamino)borane. (diethylamino)difluoroborane. bromobis(dimethylamino)borane. 
chlorobis(dimethylamino>borane. bis(dimethylamino)fluoroborane. dibromophenylborane. ^'ctilorophenyh 
borane. difluorophenylborane. difluorophenoxyborane. diiodophenylborane. dibromod .3-dirnethy!-i-butenylh 
borane. dibromo(3.3-dimethyl-1-butenyl)borane. dlbromo(1-ethyl-1-butenyl)borane. d.bromo-i-hexenyl- 
borane. dlbromo(2.methyl-cyclopentyl)borane. 2-methylcyclopentyl-dichloroborane. dibromohexy borane. 
dibromo(2-methylpentyl)borane. difluoro -borane. dibromo(dipropyiamino)borane. chlorod.propylborane. 
chioro(1.1.2.trimethylpropyl)borane. dichtoro(diisopropylamino}borane, butyl(dimethylamino)fluoroborane. 
dichioro(4-methylphenyl)borane. dichloro(methylphenylamino)borane. bromo(dimethylanmo)phenylborane 
chloro(dlmethylamino)phenylborane. 9.bromo-9-borabicycloI3.3.11nonane S^'^l^^^-f ;2!!i^2ne 
nonane. diethyJaminochloro-(1-butenyloxy)borane. dichlorooctylborane. bromobis(1 -mettiylpropyl)borane. 
bromodibutylborane. dibromo(dlbutylamino)borane, chlorobis(2-methylpropyl)borane. d.butylchloroborane 
dichloro(dibutylamino)borane. dibutylfluoroborane. bromobis{biethylamino)borane. chlorobis d>ett.ylam.noh 
borane dichloro(2.4,6-trimethylphenyl)borane. 3-bromo-7-methyl-3^Jorabicyclo[3.3.1]nonane. (diethyteminoh 
chloro(cyclopentenyloxy)borane. dlchloro(l.2.3.4.5-pentamethyl-2.4-cyclopentadien-1-yl)borane. dibromo- 
(1 2.3.4>peritemei.yt-2.4<yclopentadien-1-yl)borane. diiodod ^.3.4.5-pemamethyl-2.4s:yclopentad.en- - 
yDborane. chlorodicyclopentylbbrane. chloro(diethylamino)phenylborane. bromodicyclopentylborane (1- 
butyH-hexenyDdichloroborane. bromodipentylborane. chlorodiphenylborane. bromodiphenylborane. dicWoro 
(diphenylamino)borane. chloro(dIisopropylamino)phenylborane. chloro(dipropylamino)phenylborane 
bromobfe(2-bromo-1-hexenyl)borane. chlorobls(2-chloro-1-hexenyl)borane. chlorobis(2-chloro-l -hexenyh 
borane. chtorodicyclohexylborane. chlorodi-l-hexenylborane. chloro(1-ethyh1-butenyl)(i.l^-tnmethylpropyl>- 
borane. chloro-l-hexenyld .1 .2-trimethylpropyl)borane. tmethyl(4.bromophenyl)aminolchloroft)henyOborane. 
, chloro-{2-phenylethynylM1.1.2-trimethylpropyl)borane. chloro(dibuty!amino)phenylborane. chloroocty1(i .1 .2- 
trimemylpropyOborane, chlorobis(dibutylamino)borane. fluorobis(2.4.6-trimethytphenyOborane ( -bromo-i- 
hexenyl)bts(2-methylpentyl)borane. (l-bromo-1-hexenyl)dihexylborane. bis{l-butyl-1-hexenyl)chloroborane. 

and {5-chloro-l-pentenyl)bis(1.2-dimethy!propyl)borane. . ^ ^.^ ^ ^ 

Examples of the boron compounds wherein R* is an alkoxy group include dihydroxymethoxyborane. 
5 dimethoxyborane. methoxydimethylborane. methyldimethoxyborane. trimethoxyborane. ethyldirnethox- 
yborane. dimethylaminomethoxymethylborane. (dimethylamino)dimethoxyborane. diettiylmethoxyborane, 
dimethoxypropylborane. bis(dimethylamino)methoxyborane. ethoxydiethylborane. butyldimethoxyborane. 
diethoxyethylborane, triethoxyborane. cyclopentyldimethoxyborane. methoxydipropylborane. dimethox- 
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yphenylborane. (2-methylcyclopentyl)dlmethoxyborane. butoxydiethylborane, ethoxydipropylborane. hexyl- 
dimethoxyborane, 3-methoxy-3-borabicyclo[3,3.t]nonane. 9-methoxy-9-borabicyclo[3.3.llnonane. di-butyl- 
methoxyborane. methoxybis{l-methylpropyl)borane, methcxybis(2-methylpropyl)borane, propoxydipropyl- 
borane. triisopropoxyborane. tripropoxyborane. butoxydipropylborane, dibutylethoxyborane, diethyl- 
5 (hexyloxy)borane. dibutoxyetfiylborane. di-tert-butoxyethylborane, dicyciopentylmethoxyborane, dibutyl- 
propoxyborane. ethoxydipentylborane. (hexy!oxy)dipropylborane. tributoxyborane, tri-tert-butoxyborane. tris- 
(2-butoxy)borane. tris(2-methylpropoxy)borane. methoxydiphenylborane. dicyclohexyl(methoxy)boran. 
dibuty!(2-penten-3-yloxy)borane. dibutoxypentylborane, ethoxydiphenylborane, (2-aminoethoxy)- 
diphenoxy borane. dibutyl(1-cydo-hexenyloxy)borane. butoxydipentylborane. dibutyKbexyloxy)borane. 
10 dibutoxyhexylborane. dihexyloxypropylborane, tripentyloxyborane, butoxydiphenylborane, (2-methyl- 
propoxy)diphenylborane, diphenoxyphenylborane. triphenoxyborane, tricyclohexyloxy borane. methoxybis- 
(2,4,6-lnmethylphenyI)borane, tribenzyloxyborane, tris{3-fnethylphenoxy)borane, trioctyloxyoxyborane, 
trinonyioxyborane and trioctadecyloxyborane. 

Examples of the boron compounds wherein R* is an aJkenyl group include ethynylborane. vinylborane. 
15 dihydroxyvtnylborane. 2-propenyIborane, ethynyldimethoxyborane, methyldivinylborane. trivinylborane. 1- 
hexenyldihydroxyborane. dimethoxy(3-methyM.2-butadienyl)borane. diethyl-2-propenylborane. dihydroxy(2- 
phenylethenyl)borane. (diethylamino)diethynylborane. dlethylaminodi-1-propynylborane. 2-butenyldiethyl- 
borane. diethyI(2-methyl-2-propenyI)borane. bis(dimethy laminoX 1 -methyl-2-propeny l>borane. 2-butenylbis- 
{dimethylamino)borane. tri-2-propenyftx)rane, tri(2-prppenyloxy)borane. diethyl(3-methyl-2-butenyl)borane. 2- 
20 propenyldipropylborane. (diethylamino)dl-l-propynylborane. butyldi-2-propenylborane. 2-butenyldipropyl- 
borane. diethyl{1-ethyl-2- butenyl)borane. (2-methyl-2-propenyl)dipropyiborane. diethyl(1 .1-dimethyl-3- 
buten-l-yloxy>borane. diethyl(l-hexen-4-yloxy)borane, 9-{2-propenyl)-9-borabicyclo[3.3.11nonane, dibutyl-2- 
propenylboran. {3-methyl-2-butenyl)dipropylborane. 9-(2-buteny)-9-borabicyclo[3.3.1]nonane. tri-2-butenyl- 
borane. tris(2-methyl-2-propenyl)borane, hexyldi-2-propenylborane. 2-butenyldibutylborane. bis(1 ^- 
25 dimethylpropyl)(2-phenylethenyl)borane. and bis(1.2-di-nnethyIpropyl)-1-octenylborane. 

Examples of the boron compounds wherein R* represents an alkylamino group or an amino group 
include aminoljorane, diaminoborane. aminodlmethylborane. (dlmethylamino)borane. dimethyl- 
(methylamino)borane. methylbis(methylamino)borane. tris(methylamino)borane. (dimethylamino)- 
dimethylborane. bis(dimethylamino)borane, bis(dimethylamino)methylt)orane, aminodipropylboran. 
30 (diethylamino)dimethylborane. (dimethylamino)diethylborane. tnsrdimethylamino)borane. isopropyIt)is- 
(dimethylamino)borane, dimethyl(phenylamino)tX5rane. bis(methylamino)phenylborane. bis(dimethylamino)- 
1 -pyrrolylborane, aminodibutylborane. diethytaminodiethylborane. dimethy laminodipropy Iborane. bis- 
(dimethylamino)phenylborane. dibutyl(dimethylamino)borane. di-tert-butyl(dimethyiamino)borane, dibutyi- 
(diethylamino)borane, tris(diethylamino)borane. tris(ethylamino)tK)rane.dimethylaminodiphenylborane and 
35 aminobis(2,4.6-trimethylphenyl)borane. 

Examples of the boron compounds wherein R* represents a hydroxy group include boric acid, 
hydroxyborane. dihydroxy(methyl)borane, hydroxydimethylborane, ethyldidroxyborane. dihydroxypropyl- 
borane. 2-furanyldihydroxyborane, diethylhydroxyborane. butyldihydroxyborane. cyclopentyldihydrox- 
yborane. pentyldihydroxyborane. (3-aminophenyl)dihydroxyborane, phenyldihydroxyborane, heptyldihydrox- 
40 yborane. dihydroxy(2-phenylethyl)borane. dihydroxy(1-naphthaIenyl)borane. hydroxybis(2,4,6-trimethyl- 
phenyDlJorane and hydroxydiphenylborane. 

Examples of the boron compounds wherein R* represents an alkyl group include methylborane. 
dimethylborane. ethyltx)rane. trimethylborane. diethylborane, ethyldimethylborane. diethylmethylborane. 3- 
methyl-2-butylborane. triethylborane, (1 ,1 ,2-trimethylpropyl)borane. dflDutylborane, triisopropylborane. 
45 tripropylborane, bis(3-methyl-2-butyl)borane, bis(1.1^-tri-methylpropyl)borane, Iri-tert-butylborane. trlbutyl- 
borane. tris(1 -methylpropyl)borane. tris(2-methylpropyl)borane, tripentylborane. tris(1,2-dimethylpropyl)- 
borane. trihexylborane and trioctyltx)rane. 

Examples of the boron compounds wherein R* represents a cycloalkyi group include cyclopentyl- 
borane. cyclohexylborane. dicyclohexylborane, cyclohexyl(1 ,1 i-trimethylpropyl)borane. tricyclopentyl- 
50 borane. and tricyctohexylborane. 

Examples of the boron compounds wherein R* represents an aryl group include tri-1-naphthy Iborane. 
tris(2.4.6-trimethylphenyl)borane. tribenzylborane. tris(4-methylphenyl)borane, triphenylborane, phenyl- 
borane and ethyldiphenylborane. 

An example of the tjoron compound wherein R* represents a hydrogen atom is borane. 
55 Examples of (R^BOh include boroxine. trifluoroboroxine, trimethylforoxine, trimethoxyboroxine, triethyl- 
boro)dne. triethoxyboroxine, triphenylboroxine. triphenoxykxDroxine. tris(4-etheny)phenyI)t>oroxine. tris- 
(dimethylamino)boroxine. tritnitylboroxine, tributoxyboroxine, and tricyclohexylboroxine. 
Examples of 
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MR* 



R*B 



BR* 



i1 



include 2.4.6-trichlorobora2ine. 2.4.6-trtbronnoborazine. 2.4.6-trifluorobora2ine, borazine. 1-methIborazine. 
2.4.6-trichloro-1 .3.5-trimethylbora2lne. 2,4.6-trifIuoro1 .S.S-trimethylborazin. 1 .3.5-trimethylborazine, 2,4.6- 
trimethylborazine. 2.4.6-trimethoxybora2ine, 2.4<Jichloro-l,3.5.6-tetramethylbora2ine, 2-chloro-l .3,4.5.6-pen- 
tamethylborazine. 2,4,6-trichloro-1.3.5-triethylbora2ine, hexamethylborazine, 1 ,3,5-triethylbora2ine. .4,6- 
triethylborazine. 1 ,3,5-tripfopyIboraztne, 2.4.6-triethyl-l .3.5-trimethylbora2ine. 1 .3.5-tributyl-2.4,6-trich- 
loroborazine. hexaethylborazine. 2.4,6-trichloro- 1 .3.5-triphenylbora2ine, 2.4.6-triphenylbora2ine, 2,4,5-tri- 
{diethylamino)bora2ine. 2,4.6-tri(bis(trimethylsilyl)amino)borazine. 2,4,6-tris(dimelhylamino)-l ,3,5-tr- 
imethylborazine. and l,3.5-trimethyl-2.4,6-triphenylbora2ine. 

Examples of B(R*)3:L include borane-phosphine, borane-hydrazine. trifluoroborane-methanol, 
cyanoborane-ammonia. difluoroborane-methylamine. borane-methylanriine, tiibronnoborane-dimethylsuifide. 
trichioroborane-dimethylsulfide. trifluoroborane-dinnethyl ether. trifluoroborane-ethanol. borane- 
isocyanomethane, dibromoborane-dimethylsulfide. dichloroborane-dimethylsulfide. trichloroborane- 
dimethylamine. trifluoroborane-ethylamine, cyanoborane-methylamine. bromoborane-dimethylsulflde. 
chloroborane-dimethylsulfide. difluorc*>orane-dinr>ethylafnlne. iodoborane-dimethylsulfide, chloroborane- 
dimethy {amine, borane-dimethylamine, borane-dimethylphosphine, tribromoborane-trimethylphosphine. 
tribromoborane-trimethylamine, trichlorx>boranetrimethylamine. trichrcroborane-trlmethylphosphine. 
trifluoroborane-trimethylamine. trifluoroborane-trimethylphosphine. triicxioborane-trimethylphosphjne, 
cyanoborane-dimethylamine, difluoroborane-trfmethylamine, bromoborane-trimethylphosphine. 
chloroborane-trimethylphosphine, fluoroborane-trimethylamine, iodoborane-tiimethylamlne. iodoborane- 
trimethylphosphine. borane-trimethylamine. trimethylborane-ammonia, trimethoxyborane-ammonia,borane- 
trimethylphosphite, borane-trimethylphosphine, trifluoroborane-2-methylimidazole. trifluoroborane- 
tetrahydrofuran. chloroborane-tetrahydrofuran, trichloroborane-diethyl ether, trifluoroborane-diethyl ether, 
dibromoborane-diethyl ether, dichloroborane-dlethyl ether, cyanoborane-trimethylamine. bromotjorane- 
diethyl ether, dibromoborane-trimethylamine, dibromomethylborane-trimethylphosphine. chloroborane- 
diethyl ether, borane-tertbutylamlne, borane-diethylamine. tribromoborane-pyridlne. trichloroborane-pyridine, 
trifluoroborane-pyridine. borane-pyridine, borane-4-aminopyrldine. bromodimethyllwrane-trimethylphosphine. 
dichlorocyanoborane-pyridine. trifluoroborane-phenol, cyanoborane-pyridine, dit)romomethylborane-pyridine. 
borane-4-methylpyridine. trlfluoroborane-l-hexanol, tribromoborane-triethylamine, trichlorotX)rane- 
triethylamine, chloroborane-triethylamine, borane-triethylamlne. trimethylborane-trimethylamine. borane-tris- 
(dimethylamino)phosphine. trifluoroborane-methoxybenzene, trifluoroborane-4-methylanirme. borane-2,6- 
dimethylpyridine, trifluoroborane-dibutyl ether, phenyldichloroborane-triethylamine. tribromoborane-triphenyl- 
phosphine. trichloroborane-triphenylphosphine. trifluoroborane-triphenylphosphine, borane-tripheny famine, 
borane-triphenylphosphine. trimethylborane-triphenylamine. triphenylborane-trimethylamine. 

triphenylborane-pyridine, and triphenylborane-triethylamine. In addition to the above-described compounds, 
tetraborane (10). pentalKjrane (9), pentaborane (11). hexaborane (10). hexaborane (12). octaborane (12). 
octaborane (18). isononaborane (15). nonaborane (15). decaborane (14). I.l'-bipentaborane (9). 1.2- 
bipentaborane (9). 2^'-bipentaborane (9), 1-carbahexaborane (7), 2-carbahexalx)rane (9), 1 .2-dicarbahex- 
aborane (6), 1 .2-dlcarbapentaborane (7), 2,4<iicarbaheptaborane (7). 2,3-dicarbahexaborane (8). 17-dicar- 
baoctaborane (8). 1 .2-dicarbadodecaborane (12), 1 ,7-dicart>adodecaborane (12) and 1.12-dicar- 
badodecaborane (12) can offer good results. 

Most of these boron compounds are commercially available, and those which are not commercially 
available can be prepared in the same manner as with the conventionally available ones. 
A method of preparing the polyborostlazane will now be described In detail below. 
The polysilazane and the boron compound are used in such aamounts that the mixing ratio of the 
polysilazane to the boron compound becomes 0.001 to 60, preferably O.Oi to 5, more preferably 0.05 to 
2.5. in terms of B/Si atomic ratio. An amount of the boron compound in excess of the at>ove range does not 
give any advantage since the excess boron compound is merely recovered as an unreacted reactant 
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without enhancing reactivity of polysilazane. If. on the other hand, the boron compound is used in an 

amount below the above-specified range, high molecular weight product cannot be obtained. 

The reaction may be conducted in the absence of a solvent However, in comparison with the case of 

conducting the reaction in the presence of an organic solvent reaction control is difficult and, in some 
5 cases, a gel product is formed. Hence, the use of an organic solvent is generally preferable. As the solvent, 

there may be used hydrocarbyl solvents such as aromatic hydrocarbons, aliphatic hydrocarbons or alicyclic 

hydrocartx)ns: halogenated hydrocarbons: aliphatic ethers and alicyclic ethers. Preferred solvents include 

halogenated hydrocarbons such as methylene chloride, chloroform, carbon tetrachloride, bromoform. 

ethylene chloride, ethylidene chlonde. trichloroethane and tetrachloroethane. ethers such as ethyl ether. 
10 isopropyl ether, ethyl butyl ether, butyl ether, 1 ,2-dihydroxyethane. dioxane, dimethyldioxane, 

tetrahydrofuran and tetrahydropyrane. and hydrocarbons such as pentane. hexane. isohexane. methylpen- 

tane. heptane, isoheptane. octane, isooctane. cyclopentane. methylcyclopentane. cyclohexane. methyl- 

cyclohexane. benzene, toluene, xylene and ethylbenzene. 

For the purpose of obtaining high molecular weight polyborosiiazanes. it is advisable to perform the 
75 reaction of the polysilazane withe the t>oron compound under a basic condition. By the term "basic 

condition" is meant a condition In the presence of a basic compound such as a tertiary amine, a secondary 

amine having a group with a steric hindrance or a phosphine. Such a basic condition can be established by 

adding the basic compound to the reaction mixture or by using, as a reaction solvent, a basic solvent or a 

mixture of a basic solvent and a non-basic solvent mentioned above. Such a basic compound is used in an 
20 amount of at least 5 parts by weight, preferably at lest 20 parts by weight, per 100 parts by weight of the 

reaction solvent. If the amount of the k>asic compound is less 5 parts by weight a markedly high molecular 

weight product can not be obtained. 

Any basic solvent may be employed as long as it does not decompose the polysilazane and boron 

compound. Examples of the basic solvent include trialkylamines such as trimethylamine, 
25 dimethylethylamtne. diethylmethyiamine and triethylamine, tertiary amines such as pyridine, picoiine, 

dimethylaniline. pyrazine. pyrimidine, pyridazine and derivatives thereot pyrrole. 3-pyrroiine. pyrazole. 2- 

pyrazolyl, and a mixture thereof. 

The reaction temperature is selected so as to maintain the reaction system in a liquid state. The 

reaction is generally conducted at a temperature higher tiian the tjoiling boint of a solvent used so as to 
30 increase the molecular weight of the resulting polyborosilazane. In particular the reaction is conducted at 

400 *C or lower, preferably -78*0 to 300* C for the purpose of preventing gelation due to tiiermal 

decomposition of the polyborosilazane. 

As to reaction pressure, an ambient pressure is favored. Application of a pressure to the reaction 

system is not forbidden, birt a reduced pressure is not favorable since low-l50iling components are distilled 
35 off to decrease the yield of the intended product The reaction time is generally 30 minutes to atx)ut one 

day txit in order to enhance polymerization degree of polyborosilazane. a prolonged reaction time is 

preferred. 

The reaction atmosphere is preferably a dry inert atmosphere such as dry nitrogen or dry argon for the 
purpose of preventing oxidation or hydrolysis of the starting material and the reaction product 
40 The process according to the present invention is advantageous because expensive, noble metal 
catalysts need not be used. 

The product polyborosilazane is separated from the reaction mixture by distilling off the unreacted 
boron compound under reduced pressure or by gel permeation chromatography or high-speed liquid 
chromatography. 

45 The thus obtained polyborosilazane has an increased number of cross-linkages and a larger number 
average molecular weight (200 - 500.000, preferably 800 - 200.000) ttiah the starting polysilazane. Hence, it 
has improved solidifying properties and permits rapid shaping at an ambient temperature. The increased 
high molecular weight of the polyborosliazane serves to minimize evaporation loss upon pyroiysts at 
elevated temperatures, thus yield of ceramics therefrom t^ing improved. For example, the polyt>orosilazane 

50 of the present invention gives ceramics in a yield of 70 % or more, particularly 80 % or more. 
Notwithstanding its high molecular weight the polytsorosilazane is soluble in organic solvents such as o- 
xylene because of ttie formation of a numt>er of pendant groups and side chains and. therefore, can be 
used as precursors for ceramic fibers, as binders for the preparation of composite materials, etc. 

The polyborosilazane of the present invention can be easily converted to ceramics by pyrolysis under 

55 an atmospheric gas or in vacuo. As the atmospheric gas. nitrogen is advantageous, but argon or ammonia 
may be used as well. A mixed gas of. for example, nitrogen, ammonia, argon and hydrogen may also be 
utilized. 

The pyrolysis temperature is generally in tiie range of from 700 to 1900* C. If the pyrolysis temperature 
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is too low. the pyrolysis requires a prolonged period of time, whereas a too high temperature is 
disadvantageous in view of energy cost. 

The heating rate is generally in the range of from 0.1 C/min to 300 C/min. If the heating rate is too 
slow the pyrolysis requires a prolonged period of time, whereas too fast a rate causes rapid pyrolysis and 

5 shrinkage which can cause cracks in the resulting ceramics. Favorable results can be obtained by 
controlling the heating rate to 0.5* C/min to 50 ' C/min in the temperature range of up to 600 C wherein 
pyrolysis of the polyborosilazane mainly takes place. 

Polymetallosilazanes previously proposed by the inventors provide amorphous ceramics having an 
excellent high-temperature strength and modulus. For example, the ceramics retain the amorphous 

fo structure even when kept at 1200 to 1300* C for about one hour. However, ceramics obtained by pyrolysis 
of the polyborosilazane according to the present invention have a better heat resistance. That is, they retain 
the amouphous structure at 1500* C or above, some of them at 1700* C or above. In general, polycrystal- 
line substances have a poorer mechanical strength than amorphous substances since grain boundary acts 
as fracture origin. Ceramics obtained by pyrolysis of the polyborosilazane obtained by the present invention 

15 retain the amorphous structure thereof even at a temperature as high as 1700* C and. therefore, exhibit an 
excellent high-temperature mechanical strength. The amorphous structure at J 700 C is theoretically 
considered almost maximum with Si-N series ceramics. In consideration that 1700 C is near the upper limit 
of heat resistance with respect to crystalline Si-N series ceramics, the heat resistance of the ceramics 
obtained by pyrolysis of the polyborosilazane is understood to be extremely excellent 

20 The polyborosilazanes of the present invention provide the following advantages. 

(1) Ceramics obtained from metallosilazanes containing Al. Ti or Zr are known to have a better heat 
resistance than ceramics obtained from a starting polysilazane. Ceramics obtained from the poly- 
borosilazane have a still better heat resistance than the above-descrit>ed ceran^ics obtained from metal- 
losilazanes. thus improvement in high-temperature rriechanical strength being attained. 

25 (2) Since the polyborosilazanes are soluble in organic solvents and can be converted to Si-N-B 

ceramics by calcination.they can be used for the production of composite ceramic moWings with high 
performance. 

(3) Presence of boron in the ceramic obtained by pyrolysis of the polyborosilazane serves to improve 
hardness of the ceramic. , ^ ^ 

30 (4) Since formulation of the ceramic can be controlled, electric conductivity thereof can be selected 

from a wide range. 

The following examples will further illustrate the present invention. 



3S Reference Example 1 

To a four-necked 1 liter flask equipped with a gas feed conduit, a mechanical stinrer and a Dewar 
condenser, an oxygen-free, dry nitrogen gas was fed to replace the air within the flask therewith. After 
charging 490 ml of deaerated. dry pyridine, ttie flask was cooled in an ice bath. Then. 51.6 g of 
40 dichlorosilane was added into the flask to form a white, solid precipitate of an adduct (SIHzCfe 2C5H5N). 
Subsequently, with stirring and cooling the reaction mixture in the ice bath, 51.0 g of ammonia which had 
been passed successively through a sodium hydroxide-containing tube and an active carbon-containing 
tube was bubbled through the reaction mixture within the flask. 

After completion of the reaction, the reaction mixture was centrifuged, and the supernatant was washed 
45 with dry pyridine, followed by filtration in a nitrogen atmosphere to give 850 ml of a filtrate containing 
periiydropolysilazane. When the solvent was removed from the filtrate (5 ml) by evaporation in vacuo. 0.102 
g of resinous solid, perhydropolysilazane was obtained. 

Gel permeation chromatography of the thus obtained polymer revealed that the polysilazane had a 
number-average molecular weight of 980. An infrared spectrum of this polymer (solvent dry xylene; 
50 concentration of the pertiydroolyslazane: 10.2 g/liter) indicated peaks at a wavenumber of 3350 (cm-> 
(apparent absorptivity coefficient « = 0.557 g-'cm^') and at 1175 cm^^ based on NH, a peak at 2170 (« = 
3.14) based on SiH. a broad peak at 1020 - 820 based on SiH and SiNSi. A ^HNMR (proton nuclear 
magnetic resonance) spectrum of this polymer (60 MHz; solventiCDCb; reference substance: TMS) 
indicated broad peaks at « of 4.8 ,4.4 (br, SiH) and 1.5 (br. NH). 



55 



Reference Example 2 
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The reaction was conducted using the sanne apparatus used in Reference Example 1 as follows. In the 
four-neckec fiask shown in Reference Example 1 . 450 ml of dry tetrahydrofuran was charged, and the flask 
was cooled in a dry ice-methanol bath. Then 46^ g of dichlorosilane was added into the flask. Subse- 
quently, with stirring and cooling in the bath. 44.2 g of anhydrous methylamine was bubbled as a mixture 

s gas with nitrogen through the reaction mixture within the flask. After completion of the reaction, tfie reaction 
mixture was centrifuged and the supernatant was washed with dry tetrahydrofuran, followed by filtration in a 
nitrogen atmosphere to give 820 ml of a filtrate containing N-methylsilazane. When the solvent was 
removed from the filtrate by evaporation in vacuo. 8.4 g of viscous oil was obtaned. Gel permeation 
chromatography of the N-methylsiiazane revealed that the N-methylsilazane had a number-average moiecu* 

ro lar weight of 1 100. 



Reference Example 3 

fs To a four-necked i liter flask equipped with a gas feed conduit, a mechanical stirrer and a Dewar 
condenser, an oxygen-free, dry nitrogen gas was fed to replace the air within the flask therewith. After 
charging 300 ml of dry dichloromethane and 24.3 g (0.211 mol) of methyldichlorosilane. the flask was 
cooled in an k:e bath. Then, with stirnng. 18.1 g (1.06 mol) of ammonia which had l)een passed 
successively through a sodium hydroxide-containing tube and an active carbon-containing tube was 

20 bubbled through the reaction mixture within the flask. After completion of the reaction, the reaction mtxtiire 
was centrifuged and the supernatant was washed with dry dichloromethane. followed by filtration in a 
nitrogen atmosphere. When the solvent was removed from the filtrate by evaporation in vacuo. 8.81 g of 
colorless, transparent methyl(hydro)silazane was obtained. Gel permeation chromatography of the methyl- 
(hydro)silazane revealed that the methyt(hydro)silazane had a number-average molecular weight of 380. 

25 

Reference Example 4 

The reaction was conducted using the same apparatus used in Reference Example 1 as follows. In the 
30 four-necked flask shown in Reference Example 1 . 500 ml of dry toluene was charged, and the flask was 
cooled in an ice bath. Then 52.1 g of phenyldichlorosilane was added into the flask. Subsequently, with 
stirring and cooling in the ice bath. 30.0 g of ammonia v/hich had been passed successively through a 
sodium hydroxide-containing tube and an active carbon-containing tube was bubbled through the reaction 
mixture within the flask. After completion of the reaction, the reaction mixture was treated in the same 
35 manner as in Reference Example 1 to obtain 6.8 g of oily phenylF>olysila2ane. Gel permeation chromatog- 
raphy of the phenylpolysilazane revealed that the phenylpolysilazane had a number-average molecular 
weight of 380. 



40 Example 1 

100 ml of a solution of the perhydropolysilazane obtained in Reference Example 1 in pyridine 
(concentration of perhydropolysilazane: 5.10 wt %) was charged in a 300-ml autoclave for reaction, and 4.0 
CO (0.035 mol) of trimethyl borate was added thereto. Tae mixture was stirred for 3 hours at 160* C in a 

45 closed system. A rise in pressure of 1.0 kg/cm^ was observed after completion of the reaction. Gas 
chromatography of generated gas revealed that the gas was composed of hydrogen and methane. After 
cooling the reaction mixture to room temperature, 100 ml of dry xylene was added thereto. When the 
solvent was removed at a temperature of 50 to 70* C and under a pressure of 3 to 5 mmHg. 5.45 g of white 
powder was obtained. This powder was soluble in organic solvents such as toluene, tetrahydrofuran and 

50 chloroform. Gel permeation chromatography of the polymer powder revealed that the polymer powder had a 
number-average molecular weight of 2100. IR spectrum of the polymer indicated peaks at wavenumt>ers 
(cm"') of 3350 and 1175 based on NH. a peak at 2170 based on SiH. a broad peak at 1020 to 820 based 
on SiH and SiNSi. peaks at 2960. 2940 and 2840 based on OH. a peak at 1090 based on SiO, and a broad 
peak at 1550 to 1300 based on BO. *HNMR spectrum (CDCI3, TMS) of the polymer powder indicated peaks 

55 at a 4.8 (br. SiH2). 5 4.7 (br. OSiHa). 5 4.4 (br. SiHa). 6 3.6 (br. CH3O) and 5 1.4 (br. NH). The results of 
elemental analysts of the polymer were as follows by weight 
Elemental analysis (wt %): 
Si: 42.4. N: 25.9. C: 8.8, O: 12.7. B: 7.0. H: 3.8 
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Example 2 

100 ml of a solution of the methylpolysilazane obtained in Reference Example 2 in o-xylene 
(concentration of methylpolysilazane: 10.4 wt %) was charged in a 300-ml autoclave for reaction, and 17.3 g 
(0.283 mol) of boron trichloride was added thereto. The mixture was stin-ed for 3 hours at 20* C in a closed 
system. A white precipitate formed was removed by filtration. When the solvent of the filtrate was removed 
under reduced pressure in the same manner as in Example 1 . 8.2 g of colorless, transparent rubbery solid 
was obtained. Gel permeation chromatography of this product revealed that the product had a number- 
average molecular weight of 1440. 



Example 3 

100 ml of a solution of the perhydropolysilazane obtained in Reference Example 1 in o-xyiene 
(concentration of perhydropolysilazane: 5.84 wt %) was charged in a 300-ml autoclave for reaction, and 4.0 
cc (0.0396 mol) of pyridine-boran complex was added thereto. The mixture was stirred for 3 hours at 80 C 
in a closed system. A rise in pressure of 0.2 kg/cm^ was observed after completion of the reaction. Gas 
chromatography of generated gas revealed that the gas was composed of hydrogen. When the solvent was 
removed in the same manner as in Example 1. 4.98 g of red solid was obtained. Gel permeation 
chromatography of the solid product revealed that the solid product had a number-average molecular 
weight of 170.000. 



Example 4 

100 ml of a solution of the N-methylsilazane obtained in Reference Example 2 in -rpjcoline 
(concentration of N-methylsilazane: 4.95 wt %) was charged in a 300-ml autoclave fc>r reaction, and 4.0 cc 
(0.0148 mol) of tributyl borate was added thereto. The mixture was stirred for 3 hours at 120 C in a closed 
system. A rise in pressure of 0.8 kg/cm^ was observed after completion of the reaction. The reaction 
mixture was cooled to room temperature. When the solvent was removed from the reaction mixture In the 
same manner as in Example 1 in vacuo. 5.03 g of pale yellow rubbery solid was obtained. Gel permeation 
chromatography of the solid product revealed that the solid product had a number-average molecular 
weight of 1880. 



Example 5 

80 ml of a solution of the phenylpolysilazane obtair>ed in Reference Example 4 in pyridine 
(concentration of phenylpolysilazane: 3.65 wt %) was charged in a 300-ml autoclave for reaction, and 1.26 g 
(0.0204 mol) of boric acid was added thereto. The mixture was stinred for 1 hour at 60* C in a closed 
system. A rise in pressure of 0.6 kg/cm^ was observed after completion of the reaction. The reaction 
mixture was cooled to room temperature. When the solvent was removed from the reaction mixture in the 
same manner as in Example 1 in vacuo. 2.46 g of white solid was obtained. Gel permeation chromatog- 
raphy of the solid product revealed that the solid product had a number-average molecular weight of 
3.2040. 



Example 6 

100 ml of a solution of the perhydropolysilazane obtained in Reference Example 1 in pyridine 
(concentration of perhydropolysilazane: 5.37 wt %) was charged in a 300-ml pressure vessel for reaction, 
and 3.2 ml (0.0376 mol) of 1 .3,5-trimethylbora2ine was added thereto. The mixture was stinted for 3 hours at 
120* C in a closed system. A rise in pressure of 0.3 kg/cm^ was observed after completion of the reaction. 
Gas chromatography of generated gas revealed that the gas was composed of hydrogen. The reaction 
mixture was cooled to room temperature. When the solvent was removed in vacuo in the same manner as 
in Example 1. 4.86 g of white powder was obtained. This powder was soluble in organic solvents such as 
toluene, tetrahydrofuran and chloroform. Gel penneation chnDmatography of the solid product revealed that 
the powder had a number-average molecular weight of 2430. 
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Example 7 

100 ml of a solution of the perhydropolysilazane obtained in Reference Example 1 in pyridine 
(concentration of perhydropolysiiazane: 6.32 wt %) was charged in a 300-ml autoclave for reaction, and 5.5 

5 ml (0.0379 mol) of trimethoxyborowne was added thereto. The mixture was stirred for 3 hours at 140* C in a 
closed system. A rise in pressure of 02. kg/cm*^ was observed after completion of the reaction. Gas 
chromatography of generated gas revealed that the gas was composed of hydrogen and methane. The 
reaction mixture was cooled to room temperature. When the solvent was removed in vacuo in the same 
manner as in Example 1. 5.77 g of white powder was obtained. This powder was soluble in organic sivents 

10 such as toluene, tetrahydrofuran and chloroform. Gel permeation chromatography of the solid product 
revealed that the powder had a number-average molecular weight of 1 940. 

Example 8 

The polyborostlazane obtained in Example t was pyroiyzed by heating in ammonia up to 1(X)0* C at a 
heating rate of 3* C min to obtain white solid in a yield of 88.0 wt *'©. X-ray diffractiomen patterns of the thus 
obtained ceramic revealed that the ceramic was amorphous. Elemental analysis of this solid based on 
weight gave the following results. 
20 Elemental analysis (wt %): 

Si: 407, N: 33.5. C: 1.57. O: 12.0. B: 7.00 

Subsequently, the solid was further heated up to 1700*C in a nitrogen atmosphere at a heating rate of 
10 min to conduct calcination, thereby obtaining gray solid. X-ray diffraction patterns of this solid 
revealed that it remained amorphous as shown in Fig. 1 . 



Example 9 

The poiyborosiiazane obtained in Example 3 was pyroiyzed in an ammoniacal atmosphere up to 

30 1000*C at a heating rate of 3 * Cmin to obtain pale brown solid in a yield of 82.0 wt %. X-ray diffraction 
patterns of the thus obtaned ceramic powder revealed that the ceramic was amorphous. Elemental analysis 
of this solid based on weight gave the following results. 
Elemental analysis (wt %): 
Si: 43.5, N: 38.7. C: 0.70. O: 8.40. B: 5.60 

35 Subsequently, the solid was further heated up to 1500* C in a nitrogen atmosphere at a heating rate of 
10*C;min to conduct calcination, thereby obtaining blackish gray solid. X-ray diffractiometry of this solid 
revealed that it remained amorphous as shown in Rg. 2. 

Then, this solid was still further heated up to 1700* C in a nitrogen atmosphere at a heating rate of 10 
*C/min to conduct calcination, thereby obtaining blackish gray solid. X-ray diffractiometry of this solid 

40 indicated, as shown in Fig. 3. a (101) diffraction peak of a-Sial^U at 26 = 20.5* , a (110) diffraction peak of 
a-Si3 N« at 20 = 22.9*. a (200) diffraction peak of 0-813 at 29 = 26.4*. a (201) diffraction peak of a- 
SI3N4 at 20 = 30.9. a (002) diffraction peak of o-SiaNt at 20 = 31.7* . a (102) diffraction peak of cr-SiaN* at 
2fl = 34.5* , a (210) diffraction peak of a-SisN* at 2d = 35.2* . a (21 1) diffraction peak of 0-813 at 2$ = 
38.8* . a (1 12) diffraction peak of o-SlsN* at 20 - 39.4* . a (300) diffraction peak of a-Si3N4 at 20 ^ 40.1 * , 

45 a (202) diffraction peak of 0-813 N4 at 20 » 41.8* . a (301) diffraction peak of 0-SI3N4 at 20 ^ 43.4* . a (220) 
diffraction peak of o-SiaN^ at 20 - 46.9*. a (212) diffraction peak of o-SiaN^ at 20 - 48^*. a (212) 
diffraction peak of ^-SiaN^ at 20 - 23.3*. a (200) diffraction peak of j3-Si3N4 at 20 = 26.9*. a (101) 
diffraction peak of /S-SiaNc at 20 - 33.6*. a (210) diffraction peak of ^-SiaN^ at 20 = 36.0* . a (201) 
diffraction peak of /?-Si3N4 at 20 = 41.4*. and a (310) diffraction peak of i9*Si3N4. at 20 » 49.9* . thus the 

so solid product being found to be crystalline silicon nitride. 



Ck)mparative Example 1 

55 To a four-necked 100 ml flask equipped with a condenser, a seal cap. a thermometer and a magnetic 
stirrer, a dry nitrogen gas was fed to replace the air within the flask therewith. After charging 63.4 g of a 
solution in benzene of perhydropolysiiazane obtained in Reference Example 1 (concentration of the 
perhydropolysiiazane: 4.45 wt %), a solution of 4.00 g (12.2 mmol) of zirconium tetratsopropoxide in 6.0 ml 
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of dry benzene was fed to the flask using a syringe with stirring, followed by refluxing the resulting solution 
to react. After completion of the reaction, the reaction solution was subjected to gel pertition chromatog- 
raphy to obtain pale yellow solid polyhydrozirconosilazane. Cryoscopic method (solvent: dry benzene) 
revealed that the thus obtained polymer had a number-average molecular weight of 2100. Elemental 
analysis of the polymer revealed that the polymer had a fomiulation of Si: 34.0. Zn 18.6. N: 13.0. O: 13.2, 
C- 14 4 and H: 5.1 (wt %). When the thus obtained polymer was calcined at 1350 C in a nitrogen 
atmosphere, a black solid was obtained in a yield of 78 wt %- X-ray diffractiometry of this solid indicated a 
diffraction pattern of amorphous ZrO? phase as shown in Rg. 4. Calcination of perhydropolysilazane under 
the same conditions was confinned to produce silicon nitride crystalline in view of X-ray diffractiometry. 
whereas calcination of polyhydrozirconosilazane involved generation of amorphous ZrOa phase which 
served to keep the amorphous state of the silicon nitride to a higher temperature level. 



Comparative Example 2 

To a four-necked 200 ml flask equipped with a condenser, a seal cap, a thermometer and a magnetfc 
stirrer, a dry nitrogen gas was fed to replace the air within the flask therewith. After charging 110 g of a 
solution in benzene of perhydropolysilazane obtained in Reference Example 1 (concentration of the 
perhydropolysilazane: 4.57 wt %). a solution of 6.30 g (22.2 mmol) of titanium tetraisopropoxide in 6.5 ml of 

20 dry benzene was fed to the flask using a syringe with stirring. Color of the reaction solution was changed 
from coloriess to pale brown, pale brown to violet, and violet to black. After completion of the reaction, the 
solvent was removed in vacuo to obtain dark brown solid polyhydrotitanosilazane in a yield of 84 wt 
Cryoscopic method (solvent: dry benzene) revealed that the thus obtained polymer had a number-average 
molecular weight of 1840. The thus obtained polymer was not a mere mixture of perphydropolysilazane and 

25 titanium alkoxide but was a condensation reaction product between the two materials which had therefore a 
higher molecular weight than the two. Elemental analysis of the resulting polymer revealed that the polymer 
had a fomiulation of Si: 33.0. Ti: 9.8, N: 14.0. O: 11.8, C: 23.4 and H: 6,6 (wt %). When the thus obtained 
polymer was calcined at 1350'C for one hour in a nitrogen atmosphere, a black solid was obtained in a 
yield of 728 wt %. X-ray diffractiometry of this solid indicated a diffraction pattern of amorphous TiN phase 

30 alone as shown in Rg. 5. Calcination of perhydropolysilazane under the same conditions was confirmed to 
produce silicon nitride crystalline in view of X-ray diffractiometry. whereas calcinatkjn of poly- 
hydrotitanosilazane involved generation of amorphous TiN phase which served to keep the amorphous state 
of the silicon nitride to a higher temperature level. Elemental analysis of the thus obtained ceramic gave the 
following results (wt %). 

35 Si: 41 .3, Ti: 12.9. N: 20,5, O: 19.9, C: 4.5 

Comparative Example 3 

40 120 ml of a solution of the perhydropolysilazane obtained in Reference Example 1 in pyridine 
(concentration of perhydropolysilazane: 5.25 wt %) was charged in a 300-ml pressure vessel for reaction, 
and 13.0 g (0.0637 mol) of aluminum triisopropoxide was added thereto. The mixture was stirred for 3 hours 
at 1240* C in a closed system. A rise in pressure of 1.8 kg/cm^ was observed after completion of the 
reaction The reaction mixture was cooled to room temperature. When the solvent was removed in vacuo in 
45 the same manner as in Example 1, 12.3 g of pale yellow powder was obtained. The thus obtained polymer 
was heated up to 1500'C in a nitrogen atmosphere at a temperature-increasing rate of 10 C/min. thereby 
obtaining grayish white solid. X-ray diffractiometry of ttiis solid indicated a (100) diffraction peak of ^-Sialon 
at 2fl = 13 3* . a (1 10) diffraction peak of ^-Sialon at 2e = 23.r . a (200) diffractton peak of fl-Sialon at 20 
= 26 8* a (101) diffraction peak of ^-Sialon at 20 = 33.2* , a (210) diffraction peak of 5-Sialon at 20 = 
so 35 8* a (111) diffraction peak of /S-Sialon at 20 = 38.4*. a (201) diffraction peak of ^-Sialon at 20 = 
40 8* ' (220) and (211) diffraction peaks of /J-Sialon at 20 = 47.5' . a (310) diffraction peak of ^-Sialon at 20 
= 49 5' a (301) diffraction peak of ^-Sialon at 20 = 51.6* . a (221) diffraction peak of 5-Sialon at 20 = 
57.2' , and a (311) diffraction peak of i8-Sialon at 20 = 59.1 ' . thus ttie solid product being found to be 
crystalline i3-Sialon. Elemental analysis of the tiius obtained ceramic gave the following results (wt %). 
55 Si: 38^, N: 25.8. AI: 21.9. C: 32. O: 12.3 



Example 10 
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100 ml of a solution of the perhydropolysilazane obtained in Reference Example 1 in o-xylene 
(concentration of perhydropolysilazane: 4.53 wt %) was charged in a 300 ml autoclave for reaction, and 3.34 
g (0.044 mol) of borane-dimethylsulfide complex was slowly added thereto. The mixture was stirred for 3 
hours at 20 * C in a closed system. A rise in pressure of 1.2 kg/cm^ was observed after completion of the 

5 reaction. Gas chromatography revealed that the generated gas was hydrogen. \A^en the solvent was 
removed at a temperature of 50 to 70 * C under a pressure of 3 to 5 mmHg. 4.15 g of white powder was 
obtained. This powder was soluble in organic solvents such as toluene, tetrahydrofuran and chloroform. Gel 
permeation chromatography of the polymer powder revealed that the polymer powder had a number- 
average molecular weight of 4400. IR spectrum of the polymer indicated peaks at wavenumt)ers (cm^^) of 

w 3350 and 1 175 based on NH. a peak at 2170 based on SiH, a broad peak at 1020 to 820 based on SiH and 
SiNSi and a peak at 1550 to 1300 based on BN, Proton NMR spectrum (CDCb. TMS) of the polymer 
powder indicated peaks at 4,8 (br, SiHa). 4.4 (br. SiHa) and 1.4 (br. NH). 

The polymer powder was then gradually heated to 1000 *C in ammonia at a heating rate of 5 'C'min 
to effect pyrolysis, thereby obtaining gray solids with a yield of 83.0 wt %. Powder X-ray diffraction patterr^s 

ts of the thus obtained ceramic revealed that the ceramic was amorphous. This ceramic powder was further 
heated up to 1700 *C in a nitrogen atmosphere at a heating rate of 10 * C 'min for calcination, thereby 
obtaining dark gray solids which were found to be amorphous upon analysis by powder X-ray diffraction 
patterns. 

Bemental analysis (wt %): 

20 Si: 47.5, N: 36.8. C: 1.30. O: 2.23, B: 1 1.4 

The invention may be embodied in other specific forms without departing from the spirit or essential 
characteristics thereof. The present embodiments are therefore to be considered in all respects as 
illustrative and not restrictive, the scope of the invention being indicated by the appended claims rather than 
by the foregoing description, and all the changes which come within the meaning and range of equivalency 

25 of the claims are therefore intended to be embraced therein. 



Claims 

30 1 . A polyborosilazane having a boron/silicon atomic ratio of 0.01 to 3 and a number-average molecular 
weight of about 200 to 500,000 and containing (a) skeletal groups of a recurring unit represented by the 
general formula: 

as ' 

^ Si - N 

II 



^ wherein R\ and R^. independently from each other, represent hydrogen, a hydrocarbyl group, a 
substituted hydrocarbyl group, an alkylsilyl group, an alkylamino group or an alkoxy group, with the proviso 
that at least one of R\ and R^ is hydrogen and (b) at least one cross-linkage which cross-lirte said 
skeletal groups and which is selected from the group consisting of: 

45 R"^ R* R' 

^ I III I 

(i) - B - ; (ii) -N - B - N - ; (iii) - O -B - O - ; and 

\ / 

B— N 

so / ^ 

(iv) - N^ ^B - 



wherein R^ represents hydrogen, halogen, an alkyi group, an alkenyl group, a cycloalkyi group, an aryl 
group, an alkoxy group, an alkylamino group, a hydroxyl group or an amino group and represents a 
residue bound to the nitrogen atom of R^ having a nitrogen atom, and wherein at least two of the six bonds 
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of the group (iv) are used for the crosslinkage with the remaining bond or bonds, if any, being linked to 
hydrogen, halogen, an alkyl group, an aJkenyl group, a cyctoalkyi group, an aryl group, an alkoxy group, an 
alkylamino group, a hydroxy! group or an amino group. 

2. A process for producing a polytwrosilazane having a boron/silicon atomic ratio of 0.01 to 3 and a 
5 number-average molecular weight of atK>ut 200 to 500.000. which comprises reacting a polysilazane having 
a number-average molecular weight of about 100 to atraut 50,000 and containing a skeletal structure of a 
recurring unit represented by the general formula (I): 

10 j 

Si - N (I) 

I I 



IS 

wherein R\ and R^. independently from each other, represent hydrogen, a hydrocaryl group, a 
substituted hydrocarbyl group, an alkyisilyl group, an alkylamino group or an alkoxy group, with the proviso 
that at least one of R\ R^ and R^ is hydrogen, with a boron compound represented by the following general 
formula <ll). (III). (IV) or (V): 
20 B(R*)3 (II) 
(R*BO)3 (III) 

'•f r (IV, 

R«B BR' 

\,/ 

B(R*)3 : L (V) 

wherein R* may be the same or different and represents hydrogen, halogen, an alkyl group, an alkenyl 
group, a cycloalkyl group, an aryl group, an alkoxy group, an alkylamino group, a hydroxy group or an 
amino group, and L represents a compound capat>le of forming a complex with B(R*)3. 
3. A polyborosilazane obtained by the process according to claim 2. 
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